Background: Cadmium (Cd) is a common pollutant and potential neuro-toxicant to humans. The main treatment for heavy metal toxicity is chelation therapy which is however replete with grave side effects. This study was designed to determine the neuroprotective effects of extracts of the tea beverage on experimentally induced cadmium toxicity in the brain of rats. Cadmium as CdCl2 was administered subcutaneously while tea was given orally.
administration of Cd with black or green tea extracts resulted in a significant decrease in lipid peroxidation as well as maintenance of GSH and ZHX1. The neurohistochemical and histopathological studies in the brain of the rats indicated that the tea extracts significantly reduced CdCl2 toxicity and preserved the normal histological architecture of the brain tissues.
INTRODUCTION
Heavy metal toxicity is one of the oldest environmental problems and remains a serious health concern today. The general public is exposed to Cadmium (Cd) which is a common heavy metal toxicant in the environment through ambient air, drinking water, food, cigarette smoking, industrial materials, consumer products, burning of fossil fuels and waste materials as well as use of high phosphate and sewage sludge fertilizers [1] . Heavy metals cause oxidative deterioration of biological macromolecules by binding to DNA and nuclear proteins [2] . Cadmium is a neurotoxicant that has been shown to affect developing cortical cells on immature hippocampal cells and on developing brain [3, 4] . Although entry of Cd into the adult central nervous system (CNS) is limited, developmental neurotoxicity may occur as a result of blood brain barrier (BBB) immaturity [3, 4] . Increased levels of Cd have however been shown to impair the functionality of BBB [5] . Many effects of Cd result from interactions with necessary micro-and macro-elements, especially Ca, Zn, Cu, iron, and Se [6] .
Extensive studies have reported that exposure to high Cd levels typically results in the excessive production of reactive oxygen species (ROS) by up-regulation of the expression of NADPH oxidase II and the depletion of the antioxidant molecule, glutathione (GSH) [7] . In turn this results in elevated oxidation of lipids, proteins and nucleic acids in various tissues such as lung, brain, kidney, liver, erythrocyte and testes [8] .
Zinc Fingers and Homeoboxes Protein 1 (ZHX1) regulates transcription by playing like a bridging molecule between DNA methyltransferase B (DNMT3B) and other co-repressor proteins that form a universal repressor complex that enhances transcription repression [9] . Cd has been reported to induce inhibition of zinc finger proteins through iso-structural substitution, and replacement of zinc with altered geometry [10] . There is also increasing evidence that Cd binds to zinc finger proteins reducing their affinity to DNA binding sites and impairing DNA damage recognition in the case of DNA repair proteins [11] . Consequently, there is now growing evidence that Cd toxicity is an etiological factor in various neurodegenerative disorders [12] . Cadmium produces neuropathological and neurochemical alterations in the CNS that lead to irritability and hyperactivity [13] . In addition, Cd-induced neurotoxicity has been associated with astrogliosis with the concomitant secretion of neurotoxic factors and an enhanced expression of the glial fibrillary acidic protein (GFAP). This is thought to interfere with the necessary signaling between astrocytes and neurons or synapses further aggravating the neurodegenerative process [14, 15] .
Although there is no available antidote that could instantaneously remove Cd from the blood and soft tissues [16] , its poisoning has classically been treated by synthetic chelating agents such as calcium disodium ethylenediamine tetra acetic acid (CaNa2EDTA), British Anti Lewisite (BAL), sodium 2,3-dimercaptopropane 1-sulfonate (DMPS) and meso 2,3-dimercaptosuccinic acid (DMSA) among others [17, 2] . These synthetic chelating agents have however been associated with grave side effects such as the binding of essential metals within the system which significantly reduces their efficacy, and mobilization of heavy metals towards the central nervous system which aggravates the situation further. Besides, these agents have to be intravenously administered by a medical practitioner which makes it difficult for the patient to resort to self aid and they are contraindicated for various cases of heavy metal toxicity [18, 17] . It seems then that these synthetic chelating agents have several unacceptable side effects and drawbacks that make them unsafe and ineffective treatment and management strategies for Cd poisoning in modern medicine. There is therefore a need for an alternative, effective and safe treatment and management strategy for Cd toxicity.
The therapeutic use of antioxidants from diet appears to be gaining a lot of popularity due to their ability to ameliorate a range of conditions including neurodegenerative diseases with very low incidence of toxicity even at exceptionally high dosages [19] . Natural chelating-antioxidants may therefore offer a novel therapeutic strategy for the management of Cd poisoning. Tea (Camellia sinensis) has particularly been shown to be pharmacologically active and to have a host of health benefits on humans including anti-inflammatory and anti-microbial properties, scavenging of free radicals and prevention of diet induced obesity by modulation of lipid metabolism [20, 21] . The potential health benefits of this beverage have been ascribed to its high levels of polyphenols, including flavonoids such as catechins, thearubigins and theaflavins [22, 23] . Flavonoids preferentially enter the hydrophobic core of the cell membrane where they exert a membrane-stabilizing effect by modifying the lipid packing order [24, 25] . Numerous studies have documented the efficacy of polyphenols in the management of neurodegenerative diseases [26, 27] . However despite such potential, there is still a paucity of data that compares the ameliorative properties of black and green tea with synthetic chelating agents on Cd induced toxicity in suitable animal models. This study therefore aimed at comparing the neuroprotective effects of tea and EDTA on cadmium induced neurotoxicity. We hypothesized that tea polyphenols would be better chelating-antioxidants than the conventional synthetic chelating agents due to their structural features which include the aromatic ring structure coupled with the hydroxyl groups in the rings and conjugated double bond system.
MATERIALS AND METHODS

Materials
Analytical grade Cadmium chloride, Na2 EDTA, 2-thiobarbituric acid and 5'5'-dithiobis-(2nitrobenzoic-acid) were used in this study (Sigma, St. Louis MO, USA).
Animals
Healthy 6 months male drug/test naïve Wister rats all weighing between 300-400 g were used in this study. The rats were reared at the Institute for Primate Research (IPR), Kenya. All experimental procedures and protocols involving experimental animals were reviewed and approved for adherence to Standard Operating Procedures (SOP) of the Institutional Animal Care and Use Committee (IACUC) of the Institute of Primate Research (IPR), with approval number IRC/08/13.
Tea Samples
Fresh tea leaves comprised of the youngest two leaves and a bud were harvested from a plot of a pure stand of cultivar TRFK 6/8 and used in this study. Tea processed from this cultivar has been shown to be high in quality when compared to teas from other cultivars and to have the highest levels of total polyphenols, theaflavins, and antioxidant activity among other properties [28] . The cultivar was grown at the Tea Research Institute (TRI), Timbilil Estate, Kericho, Kenya (latitude 0 o 22'S, longitude 35 o 21'E, altitude 2180m a.m.s.l). Black and green tea samples were processed from the harvested leaf at the TRI miniature factory using standard TRI optimized manufacturing procedures.
Experimental design
A total of twenty five (25) experimental rats were housed in standard mice cages in a controlled environment and provided ad libitum pellet food and water during which each rat was treated once using 0.1 mL of 1% Ivermectin (Ivomec®) equivalent to 1 mg per rat during the first week in order to exclude any helminthes infestation. After acclimatization for two weeks, the twenty five (25) rats were randomly divided and caged into five (5) groups of five (5) animals each and treated as follows;
Group I: Control rats which received daily subcutaneous injection of isotonic saline for six weeks Group II: This group received subcutaneous injections of Cd as CdCl2 (2 mg/kg bw/day) in isotonic saline daily for 6 weeks Group III: This group received a subcutaneous injection of CdCl2 (2 mg/kg bw/day) daily followed by an oral intra-gavage administration of aqueous black tea extracts-BTE (400 mg/kg bw/day) for six weeks Group IV: This group received a subcutaneous injection of CdCl2 (2 mg/kg bw/day) daily followed by an oral intra-gavage administration of aqueous green tea extracts-GTE (400 mg/kg bw/day) for six weeks Group V: This group received a subcutaneous injection of CdCl2 (2 mg/kg bw/day) daily followed by a subcutaneous injection of aqueous Na2EDTA (200 mg/kg bw/day) for six weeks
Tissue Preparation for Analysis
At the end of the experimental period, the animals in different groups were euthanized using CO2. Blood was collected and centrifuged for the separation of serum. The brain was excised and divided into two halves. One half was homogenized on ice cubes (4 o C) in a solution containing 0.5mls of 0.25M sucrose, 5mM Hepes-Tris pH 7.4 with protease inhibitor cocktail to a final concentration of 10% (w/v). The homogenates were centrifuged then aliquoted in triplicates into 1.5ml cryovials to avoid repeated freeze-thaw processes and stored at -80 o C until analysis. The other half of the brain tissue was used for histological and immunohistochemical studies.
Determination of Glutathione
Glutathione assay was performed using the method of Rahman et al., [29] with modifications as described by Rashid et al., [30] .
Zinc Fingers and Homeoboxes Protein 1 (ZHX1)
Quantitative determination of rat zinc fingers homeoboxes protein 1 (ZHX1) was performed using a commercially available ELISA kit (CUSABIO © ,Biotech Limited, China) according to the manufacturer's instructions.
Thiobarburic Acid Reactive Substances (TBARS) Assay
The TBARS assay was performed using a commercially available Kit (QuantiChrom TM , Gentaur Molecular Products, Kampenhout, Belgium) according to the manufacturer's instructions. This assay is based on the reaction of malondialdehyde (MDA), a principle TBARS with Thiobarburic acid (TBA) to form a pink chromogen attributable to an MDA-TBA2 adduct. The colour intensity at 535nm is directly proportional to TBARS concentration in the sample.
Hematoxylin and Eosin (H&E) Staining
Following rat sacrifice, brains were excised and one half fixed in 10% formal saline, embedded in paraffin wax and the paraffin blocks sectioned at a thickness of 3 to 4 µm. Subsequently, the sections were stained with Hematoxylin and Eosin (H&E) and examined histologically under the light microscope as described by Rashid et al., [30] .
Immunohistochemistry
Immunoperoxidase staining of 5µm fixed cryostat sections of the cerebral cortex and the cerebellum were carried out with GFAP antibody as described previously [31, 32, 33] . The sections were histologically examined under the light microscope.
Data Analysis
Statistical analyses were performed using Graph pad Prism software version 5. Results were given as mean + standard error of mean (SEM) with significance level set at p<0.05. One way analysis of variance (ANOVA) was used to test for differences between the means of GSH, ZHX1 and TBARS and post hoc tests done to evaluate the differences among the group means.
RESULTS
Animal health
No adverse events on the physical health of the test animals were reported during the study.
Glutathione
To elucidate the mechanism by which CdCl2 induced cytotoxicity, we investigated its effects on GSH, one of the major intracellular thiol antioxidants. There was a significant (P<0.05) increase in the cellular GSH levels in homogenized rat brain tissues after exposure to CdCl2 (Figure 1 ). Interestingly, tea and EDTA significantly (P<0.05) reduced CdCl2 induced GSH up-regulation in rats. However, both tea extracts were found to give better results than EDTA. 
Zinc fingers and homeoboxes I (ZHX1)
In the present study, CdCl2 exposure to rats induced significant (P<0.05) reduction in brain ZHX1 levels. Both tea extracts and EDTA effectively restored (P<0.05) brain ZHX1 levels against CdCl2 induced neurotoxicity ( Figure 2 ). Remarkably, performance of green tea in alleviating severe CdCl2 induced down regulation of ZHX1 in the brain was comparable with that of EDTA with no significant differences (P>0.05) observed between the two groups. ** denotes a statistically significant reduction of ZHX1 when compared to the control rats. #* denotes a statistically significant alleviation of the severe CdCl2 induced down regulation of ZHX1 in the brain when compared to CdCl2 challenged rats.
Thiobarburic acid assays (TBARS)
Brain tissue levels of TBARS, measured as lipid peroxidation end product malondialdehyde (MDA) were significantly (P<0.05) up-regulated in the CdCl2 treated group when compared with the control rats (Figure 3 ). Black and green tea significantly (P<0.05) inhibited CdCl2 induced MDA up regulation in rats while the conventional chelating agent EDTA failed to exhibit any protective effect against accumulation of lipid peroxidation products.
Figure 3:
Effect of CdCl2 exposure with or without chelating antioxidants intervention on brain MDA levels in rats.
* indicates that both black and green tea are statistically significantly (P<0.05) different when compared to CdCl2 challenged rats. # denotes that MDA up-regulation is statistically significant (P<0.05) when compared to Control rats.
Histopathology
A representative photomicrograph showing histopathological changes in the brains of the control, Cd and tea treated rats is presented in Figure 4 . Brains of CdCl2 treated rats were characterized by a marked presence of lymphocytic inflammatory changes and brain necrosis (Plate B). Brain tissues of rats treated with both CdCl2 and Green Tea (Plate C), CdCl2 and Black Tea (Plate D) showed a marked reduction of inflammatory cells and a near normal architecture of the brain tissue. 
Immunohistochemistry
Representative photomicrographs showing immunohistochemical changes in the brains of the control, Cd and tea treated rats are presented in Figure 5 . Healthy rats exhibited normal brain immunohistochemistry (Plate A). CdCl2 challenged brain sections exhibited increased GFAP staining characterized by round shaped cell bodies and relatively small number of fibrous processes. Additionally, there was marked increase in the intensity of immunostaining and astrocytic proliferation (Plate B). The brains of Cadmium and Black tea treated rats showed a mild reduction of GFAP staining with a relative increase in the fibrous processes (Plate C). Cadmium and green tea treated rats had brains with significant reduction of GFAP staining and increased fibrous processes (Plate D). The Cadmium and EDTA treated rats similarly had brains with significantly reduced GFAP staining and with increased fibrous processes (Plate E). Besides the reduction in GFAP staining, treatment of the rats with tea caused relaxation of the astrocytes (Plates C and D) 
DISCUSSION
Cadmium (Cd) induced toxicity is a notorious occurrence, whose effective treatments are still limited. Given that the risk of human exposure to Cd is persistently growing due to its prevalence in the environment and the absence of decomposable processes [34] , there is a strong impetus to develop effective therapeutic strategies for managing Cd toxicity. While there is no consensus on the efficiency of chelating therapy for Cd induced toxicity, some scholars hold the view that Cd chelation may well intensify its elimination, thus reducing its toxic effects [35, 36] . Interestingly, the co-administration of chelating agents and antioxidants has been associated with better effects compared to administration of each molecule individually [37] . Tea, a potent antioxidant with metal chelating properties owing to its numerous hydroxyl groups [38, 39] has been shown to have neuroprotective effects in a number of neuropathological conditions linked to excitotoxicity and oxidative stress [40] . A few studies have reported significant beneficial effects of plant extracts including tea against metal-induced neurotoxicity [19, 41, 42, 43, 44] . However, to the best of our knowledge, this is the first study to compare the protective effects of polyphenol rich tea (Camellia sinensis) and EDTA against Cdinduced neurotoxicity.
The detrimental consequences of Cd exposure on the antioxidant defense system in the brain and its possible mechanisms as well as the protective effect of EDTA have been studied [45] . In the current study, the postulation that a natural product such as tea, offers more or comparable protective effects to that provided by the synthetic chelator CaNa2EDTA in reversing CdCl2 induced neurotoxicity was explored.
Results from our study indicate that the levels of reduced glutathione (GSH) and lipid peroxidation product malondialdehyde (MDA) in the brain were significantly increased following Cd exposure. The increase in GSH is a compensatory mechanism that is meant to counteract Cd induced oxidative stress [46, 47] . This is achieved by maintaining a high concentration of GSH in the cells through synthesis [48] . The finding that MDA was significantly increased in the brain following Cd challenge corroborates previous findings from other studies and is linked to the high amount of polyunsaturated fatty acids in the brain and its high oxygen turnover with concomitant H2O2 production [49] .
In our study, the subcutaneous administration of CdCl2 to the rats caused a significant decrease in the levels of ZHX1 when compared to the control group. Cadmium can replace zinc in many biological systems [50] due to their similar oxidation states, and therefore the decrease observed in ZHX1 in the brain can be attributed to the substitution of Zn 2+ for Cd 2+ in the zinc finger motif with subsequent degradation of the mutant protein via the ubiquitin proteasome pathway [51] . Consequently, dysfunctions in the ZHX family members, and especially ZHX1 whose expression is slightly higher in the brain, results in the development and progression of neurodegenerative disorders observed in the current study as damage of the cerebral cortex manifested by a marked presence of lymphocytic inflammatory changes and brain necrosis.
In this study, CdCl2 enhanced GFAP that was characterized by round shaped cell bodies and relatively small number of fibrous processes implying astroglial activation and gliosis. This severe activation of astrocytes is associated with an ongoing neuroinflammatory response and neurodegenerative processes in the brain. This is in agreement with several other studies that observed that CdCl2 increased the expression of GFAP [52] , with morphological alterations in GFAP-expressing astrocytes [53] .
In line with our hypothesis, our findings demonstrated that oral administration of black tea extracts (BTE) and green tea extracts (GTE) significantly alleviated the symptoms of CdCl2 induced toxicity in the brain of rats. The most interesting finding in the present study was that the tea extracts significantly modulated the severe brain injuries manifested by significant increases in GSH, MDA and GFAP expression induced by CdCl2 as well as decreases in ZHX1 to levels that were comparable to those of the control rats. The tea extracts also reduced the marked presence of lymphocytic inflammatory changes and brain necrosis. These observations show that BTE and GTE have the ability of maintaining the endogenous antioxidants by scavenging the ROS-induced by cadmium. We hypothesize that the mechanisms of preventing and modulating cellular redox state due to Cd induced toxicity in the brain by the tea extracts may be through their ability to restore the activity of antioxidant enzymes, reduction of free radicals generation, termination of the initiation and propagation of lipid peroxidation, metal chelation and through activation of redox sensitive transcription factors and antioxidant enzymes [54, 55] .
Consistent with our findings, previous studies have reported the neuroprotective effects of tea against neuronal damage in global ischemia in gerbils [56] by reducing lipid peroxidation in hydrocephalus-induced periventricular oxidative damage in murine model [57] . The ability of tea catechins (flavonoids) to act as antioxidants has been demonstrated to be associated with its metal chelating capacity and the potent capacity to quench singlet oxygen species [58] , inhibition of peroxynitrite-mediated oxidation of dopamine and nitration of tyrosine residues [59] . Tea catechins which are water soluble antioxidants may chelate iron and copper, inhibit the generation of ROS and reduce the free form of iron and the mobility of the free radicals into the lipid. Furthermore, it has been shown that consumption of tea protects against hippocampal injury during transient global ischemia, and prevents nigral damage induced by xenobiotics [60, 61] . On the other hand, the protective effects of BTE in reducing CdCl2 induced toxicity could be attributed to the ability of theaflavins to reduce lipid accumulation [62] as well as in stabilizing the integrity of the cell membrane and keeping it intact [63] .
It is worth noting that for tea flavonoids to modulate the effects of xenobiotics in the brain, they must have the ability of crossing the blood brain barrier (BBB) which controls entry of such molecules into the brain [64] . Results from this study suggest that the protective effects of the orally administered tea extracts could be due to their ability of crossing the blood brain barrier. This is consistent with previous studies that have demonstrated that tea polyphenols are found in the brain after their oral administration [65, 30] . This capability of tea polyphenols to cross the BBB and their localization in the brain makes them better candidates for direct neuroprotective and neuromodulatory actions.
A very outstanding observation in the current study was that the protective effects of both the BTE and GTE from cultivar TRFK 6/8 against the Cd induced neurotoxicity were not significantly different. These may be explained by the fact that flavonols are less affected by tea processing and are present in almost comparable amounts in both green and black teas processed from polyphenol rich cultivars [66] . Theaflavins present in black tea possess almost the same antioxidant potency as catechins present in green tea, and the conversion of catechins to theaflavins during the auto-oxidation step (fermentation) of black tea processing does not significantly alter their free radical-scavenging activity [67] .
Our results demonstrate clearly that both black and green tea extracts out competed EDTA which is a synthetic chelating antioxidant of great repute in protecting the brain against CdCl2 induced injury. This observation may be attributed to the inefficiency of EDTA as an antioxidant as well as its relatively poor chelating properties due to its structure that gives incomplete shielding of Fe 3+ , forming an open complex (basket complex) that increases the catalytic capacity of Fe 3+ for generating oxidative stress [68] . Additionally, EDTA is distributed mainly in the extracellular fluids, which limits its capacity to chelate out metals from inside the cells with consequences of redistributing heavy metals from other tissues to the brain [16] .
Though we established significant trends indicative of the efficacy of tea extracts as metal chelators using five rats per group, we did not study the effect of rat sample size on these trends and we propose that this should be determined in order to estimate the required sample size for future studies.
Conclusion
This paper reports for the first time that tea extracts are better than EDTA in protecting rats against cadmium induced toxicity and disturbances of antioxidant defense system in the brain. The efficacy of tea surpasses that of EDTA, the conventional chelating agent. Tea extracts may therefore reduce neurodegeneration induced by cadmium and promote brain health in humans.
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